A multi-port microcoil resonator magnetic field sensor based on a microfiber coupler coil resonator (MMCR) is presented. The microfiber coupler coil is fabricated by coiling a four-port microfiber coupler with a uniform waist region around a low index support rod. The MMCR is embedded in a low refractive index polymer to increase the robustness and operation stability. The enhanced sensor response to the magnetic field is ascribed to the diverse MMCR response to the light polarization state. The MMCR magnetic field sensor is compact and low cost, and exhibits a magnetic field sensitivity of 37.09 dB/T with an estimated minimum detection limit (DL) of ~ 27 μT.
INTRODUCTION
Currently, magnetic field sensors are widely used in many applications such as navigation, environment monitoring, aerospace and smart grids. Magnetic field sensors based on optical fibers have attracted a great deal of attention owing to their advantageous features such as good electric insulation, large dynamic range, and compactness [1] . Many optical fiber magnetic field sensors have been reported, especially based on magnetic fluids [2] [3] [4] [5] . Yet, the low durability and the large size of this type of sensors are their main drawbacks. Recently, the advances in optical microfibers resulted in the development of numerous sensors based on microcoil resonators (MCR) [3, 5] .
Here, we present a novel magnetic field sensor based on a multi-port microcoil resonator (MMCR). The main advantage of the magnetic field sensor is its high polarization sensitivity. An asymmetric change in the intensity of the transmission spectrum [6, 7] is used to analyse the magnetic field sensitivity of the device.
PRINCIPLE OF OPERATION
A microfiber coupler (MC) is an optical fiber device which is composed of two conical transition regions and a central uniform waist region [8] with a diameter in the order of few microns where the coupling occurs. A multi-port microcoil resonator (MMCR) is based on a microfiber coupler wrapped around a low index support rod [9] , thus it benefits from the advantages of both the resonator and the coupler. Important features of an MMCR include the physical separation between the output ports and the high polarization dependent extinction ratio. The Faraday effect describes the interaction between light and magnetic field in a medium. The magnetic field causes a rotation in the polarization azimuth ( ) of linearly polarized light which is proportional to the medium Verdet constant (V ) and the length of interaction. In a microcoil resonator, the Faraday rotation associated with a single turn is given by: [6, 7] 
where B is the magnetic field and r is the MMCR radius. While silica exhibits an exceedingly small Verdet constant, in this sensing system the overall Faraday rotation is enhanced by the number of turns in the microfiber coupler coils and by the resonating effect of the coil which effectively increases the light optical path. The MMCR exhibits an extremely large polarization dependence: the two orthogonal polarizations have significantly different resonance spectra, both in terms of resonance wavelength and strength [6, 7] . Thus, any changes in the azimuth of the light polarization results in a shift and a change of the extinction ratio of the resonances, and therefore, in the overall MMCR transmission spectrum. By monitoring the changes in the MMCR transmission properties at different wavelengths, it is possible to retrieve the fraction of mode in each polarization, thus and B . Here the wavelengths are chosen to maximize this effect.
DEVICE FABRICATION AND EXPERIMENTAL SETUP
A schematic of the MMCR is presented in figure 1 . The MMCR was assembled by using a microfiber coupler (MC) fabricated from two standard telecom fibers (Corning SMF-28) using the modified flame brushing technique [10] . The two single mode fibers were stripped of their acrylic coating over a length of ~100 mm and twisted 1.5 turns around each other. The twisted region was fused together using a ceramic micro-heater with an estimated temperature of ~1450 o C. In the experiment, the transition regions of the MC were ~3 cm and the length of the uniform waist region was 4 mm with a waist diameter of ~3.2 µm. To create the MMCR, the fabricated microfiber coupler was wrapped 3 times around a 1 mm diameter glass rod coated with Teflon. The coiled microfiber coupler was embedded in a low refractive index polymer matrix which was cured to enhance its durability. An optical microscope image of the coiled MC with the ~3.5μm spacing between the adjacent loops is shown in figure 2(a) . ) illustrates the Helmholtz coils used to generate the magnetic field. The magnetic field was enhanced by placing two iron rods into the Helmholtz coils. The Helmholtz coils were connected to a power supply to generate magnetic field as a result of the current flowing into the coils. The strength of magnetic field was adjusted by tuning the magnitude of the applied current. In the experimental setup, the multi-port microcoil resonator was located between two iron rods. Light from an incoherent white light source (Bentham, WLS100) was launched into port 1 of the MMCR and the output of port 3 was connected to an optical spectrum analyzer (Yokogawa, AQ6370) to monitor the transmission spectrum. The strength of the magnetic field was measured by a gauss meter (Hirst, GM07) and related to the applied current to create the calibration curve. 
RESULTS AND DISCUSSION
In the magnetic field measurements, currents ranging from 0 A to 0.8 A were applied to the coils to generate the magnetic field with strengths ranging from 0 T to 0.517 T. The transmission spectrum of the MMCR was monitored in real-time using the OSA. Figure 3 
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Gauss meter probe spectra caused by noise. The amplitude noise was reduced by smoothing the acquired data with a 30-point averaging. This effectively corresponds to using a powermeter and a passband filter with an aperture corresponding to 10pm. The plot of the smoothed transmission spectra is illustrated in figure 3(b) . The result shows that the noise is greatly reduced while the dips are hardly changed. A red shift of the transmission spectra can be observed with increasing the magnetic field strength. Figure 3 (c) presents the resonance wavelength shift as a function of the magnetic field strength. The data shows a sinusoidal relationship between the resonance wavelength and the magnetic field strength with an R 2 value of 0.996. The magnetic field sensitivity of the sensor was measured to be 65.07 pm/T. Spectra along larger wavelength ranges were recorded and are shown in figure 4(a) . Unlike the small shift of the resonance wavelength associated to increasing magnetic fields, the variation in the intensity of the transmission spectra at different wavelengths for different magnetic field strengths can be clearly observed and it was ascribed to the strong polarization dependence of the Faraday effect in MMCRs [6, 7] . In figure 4 (a) the recorded power changes at the wavelengths ( =1552.73 nm) and ( =1552.837 nm) for different magnetic field strengths provide an alternative detection mechanism for magnetic field sensing. While the transmission at the wavelength decreases with the increasing magnetic field strengths, it increases at the wavelength . The dependence of the fiber output at the wavelengths and on the magnetic field strength is summarized in figures 4(b) and 4(c), respectively, and show a complementary behavior and some degree of noise. This complementarity was exploited in a balanced detection to eliminate the noise associated to the intensity fluctuations of the light source. Figure 5 shows the relative change in spectral density at the two wavelengths and ([(P 1 (H=0)-P 1 (H)]-[(P 2 (H=0)-P 2 (H)]) as a function of the applied magnetic field. By fitting a sinusoidal function to the data points, the slope at the origin was calculated to be equal 37.09 dB/T, providing an overall magnetic field sensitivity of 37.09 dB/T in the magnetic field range of 0 ~ 0.517 T. A minimum detection limit (DL) of ~ 2.70 x 10 -5 T was estimated. 
CONCLUSION
In conclusion, a novel optical fiber magnetic field sensor based on the Faraday effect in a multi-port microfiber coupler is demonstrated. As the magnetic field rotates the light polarization azimuth in the MMCR, it changes the extent of the resonances associated with the two orthogonal polarizations. This overall results in a shift in the transmission wavelength dips and a change in the intensity of the transmission spectrum. The shift in the wavelength dips were shown to be small in comparison with the changes in the spectrum spectral densities. Thus, the sensitivity of the sensor was measured using the intensity of the asymmetric transmission spectra at selected wavelengths on either side of a resonance. A magnetic field sensitivity of 37.09 dB/T was recorded at small magnetic fields, with an estimated detection limit of ~ 27μT. 
